In this study, we estimated the growth area of aquatic macrophytes that have expanded spontaneously in Lake Shinji, located in eastern Shimane Prefecture, Japan, using Terra satellite Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data. Visible and near infrared ASTER data from April, August, and September 2012 were used. The water depth at which ASTER can detect submersed aquatic macrophytes using in situ spectral reflectance of aquatic macrophytes and a bio-optical model was also examined. As a result, when the threshold value of a normalized difference vegetation index (NDVI) was set to 0, only aquatic macrophytes up to a depth of approximately 10 cm could be detected. The growth area of aquatic macrophytes detected by NDVI from ASTER data was in relatively good agreement with the growth area as observed by aerial photography.
Introduction
Lake Shinji is a brackish water lake with rich biological resources primarily represented by corbicula. In recent years, an abrupt increase in blue-green algae and the spontaneous expansion of aquatic macrophytes have been observed within the lake. The influence of such events on the biological resources of the lake is unknown. It is thought that these phenomena may be the resultant processes of an environment "regime shift" [1] , in which an environment changes suddenly. There has been little systematic global investigation on the soundness of lake ecosystems; consequently, sufficient knowledge about the shift from the turbid system of phytoplankton domination to the clear system of sea grass domination has not been acquired [2] . However, it is difficult to ascertain the actual conditions of such a wide area. Hence, it is expected that satellite remote sensing technology rather than conventional field survey can be employed to obtain the required data. This study aims to estimate the spontaneously expanded growth area of aquatic macrophytes in the lake using Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data from the Terra satellite.
Method and Data

Study Area
Lake Shinji is located in the eastern part of Shimane Prefecture, Japan (Figure 1) . The surface area, volume, and mean depth of the lake are 79.2 km 2 , 3.66 × 10 8 m 3 , and 4.5 m, respectively. The lake is comprised of estuarine lagoons with eutrophic conditions similar to Lake Nakaumi. The most dominant macrobenthos in Lake Shinji is the infaunal Corbicula japonica [3, 4] . According to a report from the Department of Science, Shimane University [5] , the annual average water quality of Lake Shinji (center point) from 1982 to 1993 can be characterized as follows: transparency 1.3 ± 0.1 m, surface salinity 4.0‰ ± 1.5‰, SS 6.8 ± 1.6 mg·L 
Extraction of Aquatic Macrophytes
To extract information about aquatic macrophytes from satellite data, we applied a normalized difference vegetation index (NDVI), which is used for the evaluation of land plant activity. The NDVI was calculated using the following equation:
where R is reflectance, and NIR and red are near infrared and red bands, respectively. The NDVI takes values between −1 and 1, with higher values indicating higher activity. In general, NDVI = 0 indicates a soil line, and values higher than 0 indicate a plant. In this study, NDVI values greater than 0 were considered to be aquatic macrophytes. However, since we are dealing with underwater plants, we cannot expect to apply this particular condition (NDVI = 0). Therefore, in this study, we estimated the water depth that can be extracted by the NDVI threshold using a bio-optical model.
Bio-Optical Algorithm
The bio-optical reflectance estimation model developed by Albert and Mobley [6] was used to investigate the influence of water depth on the NDVI. This model was valid just below the water surface (R − ) and considers the influence of bottom reflection in optical shallow waters. 
Here we described only the main points of Equation (2) . A detailed examination of the algorithm and its numerical values can be found in literature [6] . From this equation, when the reflectance R B and water depth z B of bottom materials (e.g., aquatic macrophytes) were known, the reflectance directly under the lake surface can be reproduced by changing Chl-a and the total suspended sediment in a and b (or u). In this study, we can obtain the reflectance just above the water surface (R + ) by calculating R − when changing the water depth z assuming the spectral reflectance of the aquatic macrophytes exposed to the surface to be R B and multiplying R − by 0.55.
ASTER Data
The ASTER data was captured as shown in Table 1 and was used to detect aquatic macrophyte distribution. AS-TER is an imaging instrument aboard the Terra satellite. It consists of three separate subsystems: visible and near infrared (VNIR), SWIR, and TIR. Only the VNIR data was used in this research. The VNIR subsystem has a spatial resolution of 15 m, a viewing swath width of 60 km, and spectral bands of 0.52 -0.62 (Band 1), 0.63 -0.69 (Band 2), and 0.78 -0.86 (Band 3). Reflectance conversion of ASTER data was performed according to the following equation [7] which has been used for many years to estimate water quality using satellites.
where L s is the radiance from the satellite data (Wm
), L p is the path radiance (Wm ), and q s is the solar zenith angle (˚). Among these, L conversion from the digital value (DN) of AVNIR-2 data was calculated using the following conversion equation.
where gain and offset are radiometric conversion coefficients. Furthermore, L p was calculated from Rayleigh scattering path radiance.
Aquatic Macrophyte Reflectance Data
To obtain the reflectance data of the aquatic macrophytes for Equation (2), a field survey was conducted off Yumachibana (rectangular frame, Figure 1 ) on September 24, 2012. As seen in the photographs in Figure 2 , a patch of aquatic plants with a covering of blue-green algae bloom was observed. The aquatic macrophytes observed were primarily Potamogeton anguillanus (Figure 2 , lower left photograph) and Cladophora sp. The spectral reflectance (R B of Equation (2)) was measured where the two macrophytes had floated to the surface. The spectral reflectance of the aquatic macrophytes was measured using a portable spectrometer (MS-720, Eiko Co., Ltd., Japan) with a spectral resolution of 1 nm and a range of 400 -900 nm. On the day of the field survey, Chl-a was 42 μg·L −1 and SS was 8 mgL
, which was estimated from historical data of Chl-a and SS in the lake.
Results
Overview of ASTER Image
The false color image of the ASTER data is shown in Figure 3 . It was difficult to observe the remarkable color change that was considered to be due to the aquatic macrophytes between June and July in 2011. On the other hand, high reflectance in the near-infrared band (red color) was observed at the southern coast of the lake on August 8 and September 2, 2012, as shown in Figure  4 . Judging from Shimane Prefecture field survey results (undisclosed), these areas are in good agreement with the area in which the aquatic macrophytes have spread spontaneously. Figure 5 shows the time series change of the NDVI distribution calculated from ASTER data for the area encompassed by the rectangle in Figure 1 . Figure 6 shows a comparison between aerial photos and the ASTER NDVI images of the area from 2011 and 2012. It can be seen that the high NDVI area is in relatively good agreement with the area in which the aquatic macrophytes (especially Cladophora sp.) were observed (shown in white).
Aquatic Macrophyte Extraction from NDVI
Simulated Water Depth for Macrophyte Detection
Here the NDVI calculated from ASTER data is estimated using the bio-optical algorithm of Equation (2) to determine the depth at which the information was obtained. Figure 7 shows the spectral reflectance characteristics of two types of submersed aquatic macrophytes. It can be seen that, for all cases, reflectance at 700 nm or more decreases significantly as water depth increases. When aquatic macrophytes submersed at a depth of at least 0.5 m were examined, the magnitude relationship of the reflectance at ASTER Band 2 and Band 3 was reversed. Figure 8 shows the relationship between water depth (z) and NDVI in more detail. When the threshold of NDVI was set to 0, the depth at which the aquatic macrophytes can be detected was estimated to be approximately 0.1 m (10 cm).
Discussion
This study aims to estimate the spontaneously expanded growth area of aquatic macrophytes in Lake Shinji using ASTER data. Although the aquatic macrophyte distribution in the lake can be roughly seen from ASTER data in Figures 3-6 , it appears that detection sensitivity changes with species (Potamogeton anguillanus and Cladophora sp.). It is considered that the NIR absorption of water and mixed pixels (spatial resolution) affects detection sensitivity [8, 9] . When aquatic macrophytes actually enter the water (Figures 7 and 8) , the NIR reflectance falls rapidly. Moreover, at many points, the green colored Potamoge- ton anguillanus covered the white colored Cladophora sp. Therefore, the conditions of the aquatic macrophytes detected by ASTER with a resolution of 15 m showed an area of 15 m or more, and indicated that the crown of the aquatic macrophytes had reached the water surface. On the other hand, when the NDVI threshold was set to 0, the depth at which the aquatic macrophytes could be detected was estimated to be approximately 0.1 m (Figure  8 ). Ackleson [10] indicated that a mask should be used for positions deeper than 1.9 m when Landsat MSS and TM data are used. In addition, Everitt [11] reported that detecting hydrilla at depths from 2.5 to 7.5 cm below the water surface using video images is difficult. Therefore, it is assumed that the estimated detection depth of 0.1 m in this study is appropriate.
Conclusions
We attempted to estimate the growth area of aquatic macrophytes that have expanded spontaneously in Lake Shinji using ASTER data. As a result, the following observations were made.
1) The false color ASTER image approximated the actual distribution of aquatic macrophytes as observed from August 1 to September 2, particularly at the southern coast of the lake.
2) The NDVI distribution calculated from ASTER data is in good agreement with the aquatic macrophytes visible in aerial photos.
3) When the threshold of the NDVI was set to 1, it was estimated from a bio-optical model that only aquatic macrophytes at a depth of approximately 10 cm are detected by ASTER.
In future, we aim to develop a robust aquatic macrophyte monitoring methodology that is combined with ASTER data and other similar satellite data.
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